ABSTRACT A previous report has shown that mosquito sterol carrier protein-2 inhibitors (SCPIs) are larvicidal to larvae of the yellowfever mosquito, Aedes aegypti (L.) (J. Lipid Res. 46: 650 Ð 657, 2005). In the current study, we tested SCPI-1 in an additional four mosquito species for larvicidal activities: Culex pipiens pipiens, Anopheles gambiae, Culex restuans, and Aedes vexans. Cholesterol accumulation in SCPI-treated Ae. aegypti fourth instars was examined. SCPI-1 is lethal to all tested mosquito species, with the LC 50 value ranging from 5.2 to 15 M when treatments started at the Þrst to third instar. However, LC 50 values increase to from 5.2 to 38.7 M in treatments started at Þrst and fourth instar, respectively. The results indicate that the lethal effect of SCPI-1 decreases with the growth of larvae, which suggests that SCPI-1 is more effective before the larvae reach Þnal growth period (the last instar). SCPI-1 suppressed cholesterol uptake in Ae. aegypti fourth instars, suggesting that one of the modes of action of SCPI-1 is via reduction in cholesterol absorption.
Yellowfever mosquito, Aedes aegypti (L.), transmits yellow fever and dengue hemorrhagic fever (DHF) . A potential population of 2 billion people living in tropical and subtropical regions is at risk for these mosquito-borne viral diseases (Halstead 1992 , CDC 2003 . One of the effective approaches in preventing the transmission of yellow fever and DHF is mosquito population control by using traditional insecticides (Focks et al. 2000) . However, this has been compromised by the development of insecticide resistance (Mourya et al. 1993 , Mourya et al. 1994 , Rawlins and Wan 1995 , Rawlins 1998 . Cholesterol uptake/transport has been used as a potential target for the development of new mosquito larvicides (Kim et al. 2005) .
Insects lack key enzymes in the cholesterol synthesis pathway (Zdobnov et al. 2002) . Insect dependence on dietary cholesterol highlights the critical physiological process of cholesterol absorption and translocation, without which insects cannot grow and reproduce. Cholesterol is highly hydrophobic (Renshaw et al. 1983) . Carrier proteins mediate the delivery of cholesterol by shielding the hydrophobic moiety of cholesterol from the aqueous environment of the cytoplasm or hemolymph (Chino and Kitazawa 1981 , Yancey et al. 1996 , Arrese et al. 2001 , Schroeder et al. 2001 . A sterol carrier protein (SCP) is needed to transport cholesterol intracellularly from the lumenal side to the basal side of the midgut epithelium or from lipid droplet to the cytoplasmic membrane in the fat body in insects. Moreover, studies have shown that Aedes SCP-2, an intracellular sterol carrier protein, is at least partially responsible for cellular cholesterol transfer in mosquitoes Massey 2004 and Blitzer et al. 2005) .
SCP-2 belongs to a family of proteins containing a sterol-binding domain (SCP-2 domain). The vertebrate SCP-2 has a peroxisome localization sequence in the C terminus, targeting these proteins to the peroxisome (Moller et al. 1999 . However, the mosquito AeSCP-2 seems to be a unique nonperoxisomal and low-molecular-weight protein in the SCP-2 gene family (Krebs and Massey 2004) . The AeSCP-2 homolog is found in Anopheles gambiae genome with Ͼ85% similarity Wessely 2004, Vyazunova et al. 2007 ), indicating a highly conserved nature of mosquito SCP-2 proteins between species.
The substantial divergences in the structure and cellular localization of SCP-2s (Dyer et al. 2003, Lan and Massey 2004) suggest that there may be functional differences between the vertebrate and mosquito SCP-2s. AeSCP-2 inhibitors (SCPIs) have been identiÞed from a 16,000-compound chemical library (Kim et al. 2005) . SCPIs suppress cholesterol uptake by 30% at 1 M concentrations (Kim et al. 2005) , consistent with the Þnding that AeSCP-2 is partially responsible for cellular cholesterol incorporation (Lan and Massey 2004) . The result is also consistent with the effects of AeSCP-2 silencing on cholesterol uptake in vivo (Blitzer et al. 2005) . In this study, we tested SCPI-1 in several mosquito species to investigate the larvicidal H (N)]Cholesterol (40 Ci/mmol) was purchased from the American Radiolabeled Chemicals (St. Louis, MO). AeSCP-2 inhibitors [5,4-c] quinoline-1(2H)-thione] were purchased from ChemBridge Corporation (San Diego, CA), with at least 90% purity.
Mosquitoes. Ae. aegypti were taken from an inbred laboratory strain (Rockefeller). Larvae were reared at 26ЊC in 70 Ð 80% humidity at a photoperiod of 14:10 (L:D) h. Larvae hatching during a 25-min period were collected and used in experiments, and the density was Ϸ1,000 larvae per 2,000 ml of double-distilled water. Food was prepared by adding 5 ml of distilled water into 500 mg of dry Þsh food (TretraMin, Tetra Holding, Inc., Blacksburg, VA). The larvae were fed 10 drops of food/1,000 ml double-distilled water every day except for the Þrst 2 d when they were fed only once. Adults were maintained using 10% glucose and deÞbrinated rabbit blood (Lampire Biological Laboratories, Pipersville, PA) in 70 Ð 80% humidity at 26ЊC.
An. gambiae were taken from an inbred laboratory strain (G3). Newly hatched larvae were reared at 26ЊC in 70 Ð 80% humidity at a photoperiod of 14:10 (L:D) h and were fed with 1:10 diluted food (100 g of VitaPro Plus Þsh power staple Þsh food (M. Reed Enterprises, Sutter Creek, CA) and 50 g of brewerÕs yeast (Fisher ScientiÞc) dissolved in 450 ml of double-distilled H 2 O.
Cx. pipiens were taken from an inbred laboratory strain Cx. pipiens pipiens. Eggs were hatched overnight in distilled water, and Þrst instars were used in the toxicity assays. Larvae were reared at 26ЊC in 70Ð80% humidity at a photoperiod of 14:10 (L:D) h, with Þsh food (TetraMin).
Cx. restuans larvae were taken from the wild. The location of Culex breeding sites was obtained from the Madison-Dane County Department of Public Health West Nile virus database. Mosquito larvae were collected between June and August 2006 using a 350 ml dipper. After being collected, the mosquitoes were placed in a plastic container, which was then placed in an ice-Þlled cooler. At least 20 larvae were obtained from each sample for identiÞcation. The larvae were killed using 70% ethanol before they were identiÞed with Mosquitoes of Indiana Key (Siverly 1972) . Only samples containing Ն90% larvae from a single species were used in toxicity assays. In most cases, the larvae were between second and third stadium.
Locations for larvae collections were as follows: 43Њ 05Ј15.09Љ N, 89Њ 30Ј48. Toxicity Assays. Larvae of Ae. aegypti, Cx. pipiens pipiens, and An. gambiae were treated separately with increasing concentrations of AeSCP-2 inhibitor-1 (SCPI-1). SCPI-1 was diluted from a stock solution (100 mM in dimethyl sulfoxide [DMSO] ) to various concentrations in double-distilled water. Third instars of An. gambiae (7Ð 8 d old) and Cx. Pipiens (6 Ð7 d old) were reared (30 per sample) in 60 ml of distilled water in the presence of SCPI-1(0.54 Ð34.8 M) and fed Þsh food (TetraMin). Control larvae were reared in correspondingly diluted DMSO (solvent for stock solutions of each compound). Mortality in the control larvae was Ͻ10%. The number of dead larvae was counted 72 h after the SCPIs were applied. The LC 50 value was determine by converting the percentage of mortality to the Probit unit, and then plotting the percentage of mortality (Probit unit) on the y-axis and the log [concentration] on the x-axis.
Starting from the Þrst instar, Ae. aegypti larvae (50 Ð 60 larvae per sample) were reared in 60 ml of distilled water in the presence of an SCPI-1 (1.56 Ð25 M) and fed Þsh food (TetraMin). Control larvae were reared in correspondingly diluted DMSO (solvent for stock solutions of each compound). Mortality in the control larvae was Ͻ10%. At 72 h and 6 d, dead larvae and pupae were recorded. After 12 d, Ͼ95% adults eclosed in the controls. The LC 50 value at 72 h and 12 d was determine by converting the percentage of mortality to the Probit unit, and then plotting the percentage of mortality (Probit unit) on the y-axis and the log [concentration] on the x-axis.
Larvae collected from wild populations of Cx. restuans were mostly between second to third instar. Larvae (50 Ð 60 larvae per sample) were reared in 60 ml of distilled water in the presence of SCPI-1 (0.78 Ð25 M) and fed Þsh food (TetraMin). Control larvae were reared in correspondingly diluted DMSO (solvent for stock solutions of each compound). Mortality in the control larvae was Ͻ10%. Dead larvae and pupae were recorded after 72 h. The LC 50 value at 72 h was determined by converting the percentage of mortality to the Probit unit, and then plotting the percentage of mortality (Probit unit) on the y-axis and the log [concentration] on the x-axis.
Pharate Ae. aegypti fourth instars were staged by physical appearance: the visible dark black hairs of fourth stadium larva wrapped around the body under the thorax and abdominal cuticle of the third instar (Christophers, 1960) . Larvae selected by this criteria ecdyse during a 1-h period. Pharate fourth instars were selected and transferred into a new container, and newly molted fourth instars were collected. The newly molted fourth instars were place in 60 ml of distilled water in the presence of an SCPI-1 (0.78 Ð25 M) and fed Þsh food (TetraMin). At 72 h and 6 d, dead larvae and pupae were recorded. After 6 d, Ͼ90% adults had eclosed in the controls. Mortality in the control larvae was Ͻ10%. The LC 50 value at 72 h and 6 d was determined by converting the percentage of mortality to the Probit unit, and then plotting the percentage of mortality (Probit unit) on the y-axis and the log [concentration] on the x-axis.
Tryptophan Fluorescent Quenching Assays. AeSCP-2 has only one tryptophan residue that is situated within the hydrophobic ligand binding cavity, although it does not directly interact with the ligand (Dyer et al. 2003) . To verify whether the interaction between SCPI-1 and AeSCP-2 causes protein structural changes, we measured the tryptophan ßuorescent emission with and without SCPI-1. Recombinant AeSCP-2 (1 mg/ ml) was incubated at room temperature with and without SCPI-1 (1 M), and the controls were guanidine (4.5 M) denatured AeSCP-2 with and without SCPI-1. Fluorescent emission of tryptophan in AeSCP-2 was scanned using a ßuorescence microplate reader (Sepctra MAX Gemini XS, Molecular Devices, Sunnyvale, CA).
Effects of SCPIs on Cholesterol Uptake in Fourth Instars. To test whether SCPIs affect cholesterol uptake in vivo, ten 24-h-old fourth instars that had been treated with 6.25 M SCPI-1 or SCPI-2 since the Þrst stadium were put in 5 ml of double-distilled waster containing [ 3 H]cholesterol (0.2 Ci/ml), 6.25 M SCPI-1, or SCPI-2 (diluted from a 100 mM stock solution in DMSO) along with Þsh food (TetraMin). Control larvae were selected from the same batch of larvae and treated with correspondingly diluted DMSO (solvent for SCPIs). After the 24-h labeling, the larvae were washed with distilled water and 70% ethanol to remove [ 3 H]cholesterol from the exterior of the body. Total cholesterol from groups of two larvae was extracted from the whole body as described previously (Blitzer et al. 2005) ; incorporated [ 3 H]cholesterol was determined and presented as dpm/mg total soluble protein.
Statistics. Student t-test was used in cases that a pair of treatments was compared with determine the signiÞcance of the differences.
Results and Discussion
Toxicity of SCPI-1 in Larvae of Mosquito Species. SCPIs are toxic to Ae. aegypti larvae (Kim et al. 2005) . Whether other mosquito species are susceptible to SCPIs was unknown. We speculated that An. gambiae and Cx. pipiens larvae would be susceptible to SCPI-1 because An. gambiae has a predicted homologous protein (ENSANGP00000020493) of AeSCP-2 with 85% identify (Lan and Wessely 2004) , and Cx. pipiens quinquefasciatus SCP-2 (AY196002) has 86% identity to AeSCP-2 (Fig. 1) . To investigate whether SCPI-1 is lethal to other mosquito species, SCPI-1 treatment was applied to third instars from laboratory strains of An. gambiae and Cx. pipiens pipiens.
The average LC 50 values of SCPI-1 in An. gambiae and Cx. pipiens pipiens were 14.1 and 5.2 M, respectively (Table 1 ). The susceptibility of An. gambiae and Cx. pipiens to SCPI-1 was consistent with the fact that both An. gambiae and Cx. pipiens have AeSCP-2 homologous genes with high identities. The reported 72-h LC 50 for third instars of An. gambiae and Cx. pipiens to SCPI-1 was between the LC 50 values reported for Þrst and fourth instars of Ae. aegypti larvae (5.2 and 38.7 M, respectively), which indicates SCPI-1 may have a broader toxicity spectrum in mosquito species.
To examine whether SCPIs are lethal to mosquito larvae from the wild populations, SCPI-1 was tested using larvae collected during the summer around Madison, WI (see Materials and Methods). Mosquito larvae samples were brought back to the laboratory, 20 Ð 60 larvae were randomly selected from the sample, and species of the larvae were identiÞed using keys described by Siverly (1972) . Samples that had Ͼ90% of the larvae from a single mosquito species were used in toxicity assays. Cx. restuans dominant in samples collected; therefore, SCPI-1 toxicity assays were only performed in larvae from wild populations of Cx. restuans. The LC 50 value of SCPI-1 in Cx. restuans was 14.9 M ( Table 1 ). The results showed that larvae from wild populations of Cx. restuans were susceptible to Fig. 1 . Amino acid alignment of mosquito SCP-2 proteins. Ae. aegypti SCP-2 (AeSCP-2: AAO34708). Identical residue at a given position is marked by a star under the sequence. Conservative substitution of residue at a given position is marked by a dot or double dots under the sequence. The alignment was prepared with the program CLUSTALW version 1.8 (Thompson et al. 1994 ). An. gambiae SCP-2 (AnSCP-2: ENSANGP00000020493). Cx. pipiens quinquefasciatus (CxSCP-2: AY196002). Red residues directly coordinate the carboxyl group of palmatic acid (Dyer et al. 2003) . Yellow residues directly interact with the acyl chain of palmatic acid (Dyer et al. 2003) . Fig. 2) , indicating Cx. pipiens was more sensitive to SCPI-1 than An. gambiae. The varied susceptibilities of difference species to SCPI-1 might be due to two reasons. First, the growth rate of the two mosquito species is slightly different, which may result in different susceptibility to a growth regulator such as SCPI-1. Second, the protein structures of the mosquito SCP-2s from these species may be slightly different, rendering different afÞnities to SCPI-1 and leading to different sensitivities to SCPI-1 treatment. Further investigations in the SCP-2 proteins from other mosquito species will clarify the varied susceptibilities to SCPI-1. The developmental stages when treatment started were different among Ae. aegypti and the other mosquito species tested, which may play a role in susceptibility to SCPI-1. The bioassays in laboratory strains of An. gambiae and Cx. pipiens were conducted in the third instar, whereas the toxicity assays in Ae. aegytpi were performed in Þrst and fourth instars. Because SCPIs inhibit the absorption of an essential nutrient, it is highly possible that larvae in late stages are less susceptible to SCPIs than those in early stages. Staged Ae. aegypti larvae were used to measure the LC 50 values of SCPI-1 in Þrst and fourth instars. When SCPI-1 treatment started at the beginning of fourth stadium, the 72-h LC 50 values increase to 38.7 M (Table 1) , indicating older larvae were less susceptible to SCPI treatment. The result is consistent with the nature of a growth inhibitory larvicide. Therefore, the higher LC 50 obtained in fourth instars of Ae. aegypti (Table 1) were most likely due to the treatment being started at a later stage of larval development.
The mortality rates in SCPI-1Ðtreated larvae did not change signiÞcantly 3 d after the treatments. When treatments started at the Þrst instar, the LC 50 values at 3 and 12 d (adult emerge) were 5.05 and 4.04, respectively (Table 2) . When treatments started at the fourth instar, the LC 50 values at 3 and 6 d (adult emerge) were 38.7 and 24.04, respectively ( Table 2) . The results indicate that most of the lethal effects of SCPI-1 take place within the Þrst 3 d of treatment, regardless the developmental stages of the larvae. The results suggest that SCPI-1 may have low residual activity, because the application of SCPI-1 only occurred once at the beginning of the treatment. The residual activity of SCPI-1 needs further testing.
Tryptophan Fluorescent Quenching in AeSCP-2 Induced by SCPI-1. SCPI-1 was identiÞed through highthroughput screening of a chemical library by using AeSCP-2 as the target protein (Kim et al. 2005) . SCPI-1 competes with NBD-cholesterol, a cholesterol analog, for AeSCP-2 binding in a doseÐresponse manner, although the precise mechanism is unknown (Kim et al. 2005) . Whether, SCPI-1 causes conformational changes in AeSCP-2 is unclear. Fluorescence measurements from intrinsic sources are often useful for reporting conformational states of proteins (Lakowicz 1999) . Fluorescence emission from tryptophan (Trp) residues in a protein is extremely sensitive to perturbations in the local environment, mostly due to different degrees of quenching. For example, Trp buried in hydrophobic domain of native protein has maximal ßuorescent intensity usually at 330 Ð333 nm, whereas in denatured protein Trp ßuorescent emission shows a red shift to 350 Ð353 nm (King 1994, Reshetnyak and Burstein 2001) . AeSCP-2 has a single Trp residue at amino acid position 44 (W 44 ) (Krebs and Lan 2003) . In the native state, AeSCP-2 ßuores-cent emission peaks at 333 nm (Fig. 3, blue line) , indicating W 44 is not exposed to the surface of the protein (King 1994 ). This result is consistent with the x-ray protein crystal structure that shows W 44 in AeSCP-2 is situated within the hydrophobic ligand binding cavity, although it does not directly interact with the ligand (Dyer et al. 2003) . In guanidine denatured AeSCP-2, the peak of ßuorescent emission was at 355 nm (Fig. 3, pink line) , which is consistent with a "red shift" of Trp ßuorescence in denatured proteins.
The ßuorescence emission spectrums of denatured AeSCP-2 overlay each other with and without SCPI-1 (Fig. 1, pink and purple lines) , which indicates that SCPI-1 did not quench Trp ßuorescence in the denatured AeSCP-2. With the addition of SCPI-1, there was a major spectral shift for AeSCP-2 compared with native AeSCP-2 without inhibitor (Fig. 3, red line) . SCPI-1 seems to quench the tryptophanÕs ßuorescent emission in native AeSCP-2 protein (Fig. 3 , blue and red lines), either through direct ßuorescent resonance energy transfer or by changing the solvent exposure of Table 1 ) at each treated concentration starting at the third instar of An. gambiae and Cx. pipiens pipiens. The mortality is transformed to Probit units. (Kim et al. 2005) . To investigate whether SCPI inhibits cholesterol uptake in larvae, larvae were treated with 6.25 M SCPI-1 or SCPI-2 starting at the Þrst instar, and 24-h-old fourth instars were transferred into in water containing [ 3 H]cholesterol in the presence of 6.25 M SCPI-1 or SCPI-2 for 24 h. At the end of the labeling period, the larvae were 48-h post-third molt, at which point the midgut has undergone metamorphic changes and has lost most of its neutral lipids content (Parthasarathy and Palli 2006, Nishiura et al. 2007) . [ 3 H]Cholesterol from the exterior of the body was washed off using 70% ethanol and labeled cholesterol absorbed by larvae during a 24-h period was measured. SCPI-treated fourth instars experienced a 30% decrease (P Ͻ 0.04) in [ 3 H]cholesterol uptake within 24 h, compared with the controls (Fig. 4 , hatched and black bars). The result was consistent with the 33% decrease of cholesterol accumulation in AeSCP-2 RNA interference treatment fourth instars (Blitzer et al. 2005) . Therefore, one of the modes of SCPI action in vivo seems to be the inhibitory effect on the SCP-2 mediated cholesterol absorption pathway.
In conclusion, the results from this study provided evidence that SCPI-1 directly interacts with AeSCP-2, which inhibits ligand binding in AeSCP-2. Results from bioassays showed that SCPI-1 has a broad toxicity in mosquito species, indicating these mosquitoes may have homologous SCP-2 with similar function. Fig. 3 . Fluorescent emission scan of AeSCP-2. GdnHCl, guanidine hydrochloride solution for denaturing AeSCP-2. Tris, 50 mM Tris buffer, pH 7.4, in which AeSCP-2 was stored. RFU, relative ßuorescent unit. The data were the average readings of triplicates for each data point.
